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ABSTRACT
DUST PROPERTIES OF Z ∼2 INFRARED-LUMINOUS LYMAN BREAK GALAXIES
Jennifer L. Wojno
April 15, 2014

Lyman break galaxies (LBGs) are well-known indicators of star formation. By analyzing
the dust of moderate redshift (z ∼ 2) LBGs, we can further investigate the properties of
these strongly star forming galaxies at an epoch when global star formation is expected to
peak. Using data observed by the Herschel satellite, we derive far-infrared fluxes for our
color-selected sample of LBGs in the GOODS-S field, including a subsample of infraredluminous LBGs (ILLBGs). This is one of the first samples of UV dropouts/partial dropouts,
which are also infrared-luminous, to be studied for their far-IR properties. Fitting modified
Planck curves and model spectral energy distributions (SEDs), we make estimations for
dust temperatures and masses for our ILLBGs. We find dust temperatures ranging from
∼ 19 − 70 K, with masses ∼ 5.2 × 106 to 3.3 × 109 M , and star formation rates on the
order of ∼10 M yr−1 .
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1

INTRODUCTION

The study of galaxy evolution is a relatively old field, but has been re-ignited in recent
years with advances in space-based telescopes and observational techniques. By studying
various populations of galaxies at various redshifts, we aim to more accurately describe the
formation and evolution of these galaxies, and how we arrive at galaxies such as our own
Milky Way. Section 2 begins by highlighting the scientific background crucial for sufficient comprehension of this work. While it has been written with the assumption of a basic
understanding of key concepts in physics, the realm of astrophysics includes many specific,
technical details that may not be common knowledge. This scientific background also provides the motivation for this work; the study of galaxy evolution, and how furthering our
understanding of the development and structure of galaxies over various wavelengths contributes to our understanding of the universe as a whole. The study of galaxy evolution
aids us not only in understanding our cosmological history, but also provides us with a
perspective on our future as inhabitants of the Milky Way. In this work, we focus on the
rate of star formation in our sample of galaxies, as this is a key indicator to where they lie
in the evolutionary scheme. In order to properly study this star formation rate, a number
of factors must be considered. One of the key components in accurately measuring the star
formation rate of a galaxy is measuring the amount of dust present in that galaxy, as dust
may obscure light from young, bright stars.

Section 3 describes how our sample of galaxies were selected, and the data used to study
this sample. It begins by describing the field in which our galaxy sample was selected, the
GOODS-S field. We utilize observations of this field by space-based telescopes such as

1

Herschel and Spitzer, as the rate of star formation within these galaxies may be underestimated when using traditional ground based observations, due to dust obscuring some of
the UV light from the galaxy (§ 2.2). As with any scientific endeavor, it is crucial for the
characteristics of the instrumentation used to be adequately described, as the results and
their possible limitations must be understood in the context of this instrumentation. Space
telescopes are incredibly complex instruments, so only a brief description of their components is given. For more technical details, references can be found within these sections.

Section 4 provides an overview of the methods used to extract data from the observations,
which are then used to explore the properties of our sample of galaxies. The theory of these
applied methods, used in obtaining these results, are described in detail. An essential component of these analysis fitting our measured fluxes to model spectral energy distributions.
In this work, we employ two distinct methods, each with its own benefits and shortcomings. In addition, we compare the results obtained using both methods, and comment on
any variation in the measured characteristics. While the source code used in our analysis is
not provided, it is available upon request.

In Section 5, we present the results of our analysis, including the results obtained in our
SED fitting. These results are then compared to other results from the literature, and any
distinctions are discussed. Finally, in § 6, we summarize our findings, examine how they
compare to published results from similar works, and discuss the implications of our results. In addition, this section provides an final brief overview of the work done, highlighting the most important aspects of the research, and discuss how these results may be
expanded through additional analysis, or new observations. Throughout this work, we assume a standard concordance cosmology of H0 = 71 km s-1 Mpc-1 , ΩM = 0.3, and ΩΛ = 0.7.

2

2
2.1

SCIENCE BACKGROUND

Galaxy Evolution

Our understanding of galaxy evolution and growth has faced constant refinement over the
past century, from Hubbles classification of galaxies (Hubble 1927) to current models,
such as hierarchical clustering. While Hubble never intended his classification scheme to
indicate a method of evolution (Baldry 2008), a relationship between elliptical and spiral
galaxies was sought after by astronomers for much of the 20th century. In 1962, a top-down
model of galaxy formation called monolithic collapse was proposed by Eggen, LyndenBell, & Sandage (1962), describing clouds of gas collapsing to form a galaxy all at once
(Eggen et al. 1962). A decade later, the Toomres found evidence for a more hierarchical
approach; mergers between two spiral galaxies result in the ellipticals we see in the local
universe (Toomre & Toomre 1972). Today, hierarchical structures are a key component to
the standard cold dark matter cosmological model (ΛCDM). This model offers additional
refinement to evolutionary schemes, explaining how many of the morphological features of
galaxies, such as disks, spheroids (or ellipticals), and bars, arise naturally through accretion
and galaxy mergers (Steinmetz & Navarro 2002).

In order to construct more complete models of galaxy evolution, we must consider the
star formation history of galaxies, as star formation relates directly to the color, size, and
age of a galaxy. Throughout the past 20 years, significant advances have been made in
moderate-to-high redshift astronomy, especially with respect to galaxy surveys. By finding and locating star forming galaxies at various redshifts, we can construct models of
star formation throughout the universe, for any given point in time. The most recent sur3

veys suggest that the global star formation rate peaked around 10 billion years ago, which
roughly corresponds to a redshift (or z) of 2 (e.g. Madau & Dickinson (2014)).

Figure 1: Star formation rate per M pc3 vs redshift, known as a Madau plot, adapted from Madau & Dickinson
(2014). This plot illustrates the global star formation rate, peaking at approximately z ∼ 2. Here, a number
of results from approximately 13 surveys are shown, with redshift ranges 0.01 ≤ z ≤ 8.0. Details on the data
sets, as well as the line of best fit can be found in Madau & Dickinson (2014).

However, while star-forming galaxies in the higher redshift (z ≥ 3) and local universe have
been extensively studied, it has only recently become possible to properly study the redshift range of z ∼ 1−2 through advances in space-based facilities. Galaxies in this so-called
“redshift desert” are crucial for reconstructing the star formation history of the universe, as
the peak of global star formation is expected in this range (Figure 1). Understanding the
global star formation rate is crucial to understanding how galaxies develop and evolve; after all, galaxies are collections of stars. Through the observation of star-forming galaxies in
this redshift range, a more sophisticated model for the development of these galaxies may
be constructed.

4

2.2

Lyman break Galaxies as Indicators of Star Formation

For our study of star-forming galaxies at moderate redshift, we focus on Lyman break
galaxies (LBGs). These galaxies provide good candidates for studies of populations of
galaxies at moderate-to-high redshifts, as they are selected according to external properties
(e.g. their Lyman break) rather than internal properties. By selecting galaxies in this way,
we ensure a consistent sample over a range of redshifts. While young, hot stars emit primarily ultraviolet (UV) photons; anything shorter than 912Å is usually absorbed by neutral
gas surrounding the stars, as well as the intergalactic medium (IGM), creating a characteristic break in their spectra. Galaxies observed at higher redshifts will have their spectra, and
therefore these identifying features, shifted to longer wavelengths as 912Å(1 + z) (Figure
2). For galaxies with z ≥ 3, this Lyman break is shifted into the optical part of the spectrum, and has been well-studied through ground-based observations. However, for galaxies
at z ∼ 1−2, the Lyman break occurs around ∼1800–2100Å, which is in the observed-frame
UV/NUV (see Figure 2). Therefore, space-based observations are necessary for galaxies
at this redshift range, as a Lyman break would be difficult to discern due to absorption of
UV photons by the Earth’s upper atmosphere. A number of studies, such as Shapley et al.
(2001), Reddy et al. (2008), Rigopoulou et al. (2006), and Magdis et al. (2010), have examined properties of LBG populations at z ∼ 3. These studies show relatively massive LBGs,
with estimated stellar masses of 5 × 1010 M

∼ 1011 M

(Rigopoulou et al. 2006; Magdis

et al. 2010), and star formation rates (SFR) in the order of 10’s of solar masses per year
(Shapley et al. 2001).

In order to detect these Lyman break galaxies at moderate redshifts, the UV dropout method
(Steidel & Hamilton 1992) is used, as the Lyman break occurs in the observed-frame UV
for our redshift range (z ∼ 1 − 2). Broadband photometry is used to determine the flux of
a galaxy through various filter bands around the expected position of the shifted Lyman
break. Such objects will appear in the optical images, but not in the UV, which indicates a
5

Figure 2: Lyman break at various redshifts. The dotted lines represent the position of the Lyman break shifted
to the indicated wavelength. The filter bands used (GALEX NUV, GALEX FUV, and U band) are the filter
bands used in determining the UV dropouts, which were selected for in our original LBG sample.

UV dropout. This method also provides a rough estimate of the redshift of the galaxy. As
shown in Figure 2, the GALEX FUV (effective wavelength λ = 1516 Å)1 and NUV (λ =
2267 Å) filters can be used to determine the position of the Lyman break for our galaxies.
Prior to space-based observations, Lyman break galaxies were more commonly studied at
epochs z ≥ 3, as these galaxies will drop out further towards the observed-frame optical,
where ground-based observations can be used, utilizing BM/BX and BzK selection methods (Adelberger et al. 2004; Steidel et al. 2004; Daddi et al. 2004). The BM/BX method
as described in Steidel et al. (2004) selects for star-forming galaxy populations at certain
redshifts (z = 1.70 ± 0.34 and z = 2.20 ± 0.32 for “BM” and “BX” galaxies, respectively),
according to their colors in specific optical filters. The BzK selection method as described
in Daddi et al. (2004) also employs a color selection criteria, utilizing the B, z, and K optical filters. While these methods can be used to select samples of star forming galaxies
comparable to z ≤ 3 LBGs while avoiding the issue of having to use space-based observations, in order to ensure consistent comparison, we want to correlate the properties of our
1 http://galexgi.gsfc.nasa.gov/docs/galex/Documents/ERO
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data description 2.htm

selection of galaxies to other comparably selected samples.

2.3

Dust in Star Forming Galaxies: Infrared-Luminous LBGs

In addition to absorption by neutral hydrogen, a portion of the UV light greater than 912Å
emitted from the star-forming regions in LBGs may be scattered by dust. For our purposes,
dust is simply small grains composed of carbon and silicon, around a few microns in size.
Studying dust in the early universe may aid in better understanding when this dust was
formed, and how it affects the evolution of certain populations of galaxies. The existence
of metals (i.e. elements heavier than hydrogen and helium) in the ISM is made possible
through supernovae, which may indicate certain generations of star formation. For galaxies
younger than ∼109 years (z ∼ 5 − 6), only Type II supernovae contribute to the total dust
mass, due to the short lifespan of young, massive stars. (Takeuchi & Ishii 2004; Hirashita
& Ferrara 2002). For galaxies older than 109 years, Type I supernovae and giant-branch
stars (AGB/RGB) may also contribute to the total dust mass for star-forming galaxies. The
formation and abundance of this dust is understood to have an effect on the star formation
rate of the galaxy, as dust grains allow for efficient formation of molecular hydrogen (H2 ),
which in turn cools the gas in the ISM, increasing the rate of star formation.

While mid-infrared (∼ 3–10 µm, ∼ 24–160 µm) observations of galaxies with instruments
such as Spitzer can allow for the identification of more complex molecules associated with
dust particles, such as polycyclic aromatic hydrocarbons (PAHs), we will focus on farinfrared (far-IR) thermal emission of dust, not molecular vibrations. These dusty galaxies
become brighter in the infrared (IR), as UV light from young stars is absorbed by dust, and
re-emitted in the far-infrared (far-IR). LBGs which are bright in the IR are called infraredluminous LBGs (ILLBGs). Understanding the role of dust in our LBGs is crucial when
estimating star formation rates, as the abundance of star formation is often underestimated
7

due to dust, which obscures regions of star formation. In addition, studying dust emission from LBGs and ILLBGs may aid in constructing a more accurate view of the cosmic
infrared background (CIB), which is similar to the well-studied cosmic microwave background (CMB) at infrared wavelengths. In addition to local star-forming galaxies such as
Luminous Infrared Galaxies (LIRGs), and Ultra Luminous Infrared Galaxies (ULIRGs), as
well as high-redshift galaxies such as sub-millimeter galaxies (SMGs), star-forming galaxies such as LBGs may have a significant contribution (∼20%) (Webb et al. 2003) to the
CIB, which may further constrain models for global star formation rates.

From our original sample of 73 LBGs at z ∼ 1 − 2, we have identified a small subsample of
14 ILLBGs, which may represent a significant portion of the overall star formation rates in
galaxies at this redshift (Haberzettl et al. 2012). The properties of these galaxies make them
analogous to sources in the local universe, such as LIRGs and ULIRGs (Petty et al. 2009).
By comparing the physical characteristics of these galaxy populations, such as dust masses
and temperatures, we can more accurately impose constraints on star formation processes
at higher redshifts.

2.4

Spectral Energy Distributions

A spectral energy distribution (SED) is simply a measure of an object’s flux over a certain
wavelength range. An example model SED for one of the galaxies in our sample is shown
in Figure 3. There are a number of features that denote distinct regimes due to emission
from various sources within a galaxy. Wavelengths shorter than ∼ 8 µm are considered
to be purely due to stellar contributions: spectral emission and absorption features from
atomic excitations (e.g. H, N lines). For wavelengths from ∼ 8 − 50 µm, the emission
is due to a mix of complex molecules such as PAHs (Dale et al. 2001), as well as the
contribution due to stellar emission. For wavelengths longer than ∼ 50 µm, the emission
8

is considered purely thermal emission due to large, complex carbon and silicate grains of
dust. As our sources are infrared-luminous, we expect that the peak of their emission due to
re-absorption by dust to lie somewhere in the far-IR range (∼ 50 − 1000 µm). This thermal
emission due to dust behaves approximately as a blackbody. That is, it can be considered
a near-perfect absorber and emitter of incident radiation. A Planck curve can be used to
model the SED of a blackbody (in this case, the dust in our galaxies) for a given temperature. From this model, certain parameters of the dust, and therefore information about star
formation within the galaxy, can be determined. Details on the fitting procedures used to
fit the SEDs for our sample of galaxies can be found in § 4.2 and § 4.3.

Figure 3: Example model SED for one of the galaxies in our sample. For this object, the Lyman break is very
obvious, and fits with the object’s given photometric redshift. The emission at wavelengths shorter than 8 µm
is considered a purely stellar emission (blue), where the cyan indicates the stellar contribution from young
stars (≤ 1 µm), and the blue indicates the stellar contribution from the older stellar population (∼ 1 µm ≤ λ
≤ 8 µm). 8 µm ≤ λ ≤ 50 µm is considered a mix of dust and stellar emission (orange), and emission greater
than 50 µm is considered purely due to dust (red). As described in § 2.4, we focus on the far-IR thermal
emission due to dust, which dominates the wavelength range from ∼70–1000 µm.

9

3

DATA

Our sample of 14 ILLBGs were color-magnitude selected using ground-based optical data
and Spitzer data (Haberzettl et al. 2012). For this study, we used Spitzer 24 µm priors to
verify the locations of the objects in our sample. To derive dust properties, we used publicly
available far-IR data of the GOODS-S field which were observed by two instruments, PACS
and SPIRE, on-board the Herschel Space Observatory. The observations by Herschel were
publicly available via the PEP (PACS Evolutionary Probe)2 and HerMES (Herschel Multitiered Extragalactic Survey)3 surveys for the PACS and SPIRE data, respectively. Table 1
summarizes the data relevant to survey coverage, instrumentation, and detector properties.

3.1

GOODS-S Field

The GOODS-S field is located within the Chandra Deep Field South (CDFS), centered
at 3h 32m 30s, -27°48m 20s, covering an area of 160 square arc minutes (100 by 160 ).
These deep fields are selected primarily for their low density of bright, close objects such
as stars within our own Galaxy or other obscuring factors such as interstellar gas and dust.
In this sense, these fields are essentially “blank”, and are well suited for studying faint,
distant galaxies. The GOODS-S field is well-observed, with extensive coverage from both
ground and space-based observatories, from X-rays to radio: GALEX with NUV/UV, Hubble Space Telescope with UV, optical, and near-IR, Spitzer with high resolution mid-IR
observations, and Herschel with extensive far-IR coverage.
2 http://www.mpe.mpg.de/ir/Research/PEP/index.html.

Using combined Herschel-PACS data from the PEP
(Lutz et al. 2011) and GOODS-Herschel (Elbaz et al. 2011) programs, as described in Magnelli et al. (2013).
3 http://hermes.sussex.ac.uk/
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Figure 4: Location of the GOODS-S field. The left panel shows the location of the GOODS-S field overlaid
on PACS (§ 3.3) 160 µm data, while the right panel shows the GOODS-S field overlaid on SPIRE (§ 3.3) 250
µm data. Image credit: Matthew Nichols.

3.2

Selection Criteria

LBG candidates were selected by cross-correlating SExtractor searches of the GOODS-S
field in multiple filter bands, as described in Haberzettl et al. (2012). These possible candidates were further identified as LBGs by utilizing color-color plots (Figure 5). Model
galaxy color tracks were derived using HyperZ (Bolzonella et al. 2000) for a variety of
physical properties such as age, and star formation rate, as well as dust properties. These
model color tracks were then used to guide the definition of the limits for the B − R vs
U − B, and U − B vs NUV −U colors of each galaxy. These color cuts, along with general
LBG sample, are shown in the left and right plots of Figure 5, respectively. This sample
was then cleaned for stellar contamination, and limited to those objects identified in 10 of
the 14 filter bands used, from the U to 4.5 µm filter bands (Haberzettl et al. 2012). The
final sample contained 73 LBG candidates, 53 of which were NUV-dropouts, and 20 were
NUV-selected. In addition, the sample contains a subsample of 14 ILLBGs, which was
obtained using color-magnitude diagrams to select for those galaxies which had very red
colors, meaning that they are bright in the IR (Figure 6). For this work, we focus on our
11

subsample of 14 ILLBGs.

Figure 5: Color selection criteria employed to obtain our LBG sample. The symbols for the objects are
explained in the legend. The dark green lines are the color tracks of 4 different model SEDs: burst 0.5 Gyr
old, exponential decreasing SFR 0.5 Gyr old, exponential decreasing 1 Gyr old, and an irregular galaxy as
defined in a HyperZ model SED (Bolzonella et al. 2000). The dark green squares mark the redshifts, from
z = 1.0 to z = 3.0 in intervals of dz = 0.5. The blue boxes (solid, dashed, and dashed-dotted) are the same as
described in Haberzettl et al. (2012).

Figure 6: Color-magnitude diagrams used to select the ILLBG sample from the general LBG sample
(Haberzettl et al. 2012). The z ∼ 3 LBG sample (i.e., those galaxies with very red colors) described in
Rigopoulou et al. (2006) was used as a comparison to determine LBGs from our sample which were infraredluminous (ILLBGs). The final sample of 14 ILLBGs used in this work is shown on the right hand side.
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3.3

Instrumentation

Observations of the GOODS-S field by two space-based telescopes were used for this work:
the Herschel Space Observatory and the Spitzer Space Telescope. Spitzer provided data priors, used to verify the location of our objects, while Herschel provided data of the GOODSS field used in our analysis. In addition, the Large Apex Bolometer Camera and Array
(LABOCA) instrument on the ground-based Atacama Pathfinder Experiment (APEX) radio telescope provided upper limits for far-IR data via the LABOCA Extended Chandra
Deep Field South (ECDFS) Submillimetre Survey (LESS) (Weiß et al. 2009).

The Herschel Space Observatory
Launched on May 14th, 2009, the Herschel Space Observatory (Figure 7) provided unprecedented coverage and resolution for crucial observations of the far-infrared and submillimeter universe (Pilbratt et al. 2010). Herschel observed both the local and high redshift
universe, focusing in particular on dusty galaxies that would have otherwise been unobservable by ground-based telescopes due to absorption by the Earth’s atmosphere. Within our
own Galaxy, Herschel aimed to study the relationship between star formation and the interstellar medium (ISM). In order to survey these long, low energy wavelengths, liquid helium
was used to cool the telescope and the three scientific instruments on board: the Heterodyne Instrument for Far Infrared (HIFI) (de Graauw et al. 2010), the Photodetector Array
Camera and Spectrometer (PACS) (Poglitsch et al. 2010), and the Spectral and Photometric
Imaging Receiver (SPIRE) (Griffin et al. 2010). Both PACS and SPIRE consist of bolometer arrays, which are optimal for far-IR to sub-millimeter observations when cooled to very
low temperatures, as they are more sensitive in this wavelength range. The telescope itself
was of a classic Cassegrain reflector design, having a primary diameter of 3.5 meters, the
largest ever for a space-based telescope (Pilbratt et al. 2010). On April 29th, 2013, the last
of the liquid helium ran out, and observations ended.
13

Figure 7: The Herschel Space Observatory. Herschel is a ‘cornerstone’ ESA mission, with participation
from NASA. Image credit: ESA / AOES Medialab.

Photodetector Array Camera and Spectrometer (PACS)
The Photodetector Array Camera and Spectrometer (PACS) (Poglitsch et al. 2010) offers
wavelength coverage from 55-210 µm, with 70, 100, and 160 µm filter bands. The detector
array covers a field of view of 1.750 by 3.50 using a 64 by 32 pixel bolometer array for the
70 and 100 µm observations, and a 32 by 16 pixel array for 160 µm observations. This
provides a pixel scales of approximately 1.2 to 2.4 arcseconds per pixel for the blue/green
(70, 100 µm) and red (160 µm) filters, respectively.
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Spectral and Photometric Imaging Receiver (SPIRE)
The Spectral and Photometric Imaging Receiver (SPIRE) (Griffin et al. 2010) offers broadband photometry in the 250, 350, and 500 µm filter bands. The instrument covers a field of
view of 40 by 80 , utilizing bolometer arrays of 139, 88, and 43 detectors, with pixel scales
of 6, 8.3, and 10.8 arc seconds per pixel for the the 250, 350, and 500 µm filter bands,
respectively. Together, PACS and SPIRE effectively offer coverage from 70–500 µm.

3.4

Surveys

The PACS Evolutionary Probe (PEP) survey, as its name suggests, aimed to provide sufficient data for a more complete understanding of the evolution of star-forming galaxies
by utilizing the PACS detector on board Herschel (Lutz et al. 2011; Magnelli et al. 2013).
This survey, which covered five other so-called “blank” fields in addition to GOODS-S,
obtained deep observations totaling approximately 240 hours, reaching 3 σ detection sensitivities for the PACS detector (Table 1). In earlier studies, the role of dust had been
frequently underestimated due to a number of factors, primarily limitations in resolution.
By utilizing Herschel’s infrared capabilities, the PEP survey aimed to extend beyond the
wavelength range of available data from other space-based telescopes such as Spitzer, by
providing imaging data for the 70, 100, and 160 µm wave bands. The data were reduced using a standard pipeline for PACS data, in addition to survey-specific procedures (Wieprecht
et al. 2009). The reduced and processed data were released in the form of standard Flexible Image Transport System (FITS) image maps, consisting of separate science, error, and
coverage maps.

The HerMES survey also aimed to study the evolution of galaxies through observations of
star-forming, high redshift galaxies. HerMES, which was the largest project on Herschel, is
presented in Oliver et al. (2012); Levenson et al. (2010); Viero et al. (2013). Goals for this
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survey focused primarily on the infrared study galaxies at redshifts up to z ∼ 3, covering a
large number of fields to an unprecedented depth at these wavelengths (Oliver et al. 2012;
Levenson et al. 2010; Viero et al. 2013). For coverage of the GOODS-S field, HerMES
provided approximately 20 hours worth of observations, reaching 5σ detection sensitivities
as listed in Table 1via the SPIRE instrument, simultaneously covering the 250, 350, and
500 µm wave bands. Image maps, including flux, noise, and coverage maps, were processed using a standard HIPE (Herschel Interactive Processing Environment) pipeline for
SPIRE data (Smith et al. 2012). By combining observations from these two surveys, PEP
and HerMES, full coverage was obtained for the infrared emission peak expected for our
ILLBGs.

Survey
PEP
(PACS)

HerMES
(SPIRE)

Wavelength Coverage
µm
70
100
160

Detection Sensitivities
mJy
0.9
0.6
1.3

Pixel Scale
arcsec/pixel (00 /pix)
1.2
1.2
2.4

Beam Size (FWHM)
arcsec (00 )
5.2
7.7
12

250
350
500

8.0
6.6
9.6

6.0
8.3
10.8

18
24
36

Table 1: Survey coverage, instrumentation, and detector properties

3.5

Herschel Interactive Processing Environment (HIPE)

The Herschel Interactive Processing Environment (HIPE)4 software package was developed for processing, analyzing, and manipulating Herschel data products. In addition to
allowing the user access to the Herschel Science Archive products, it offers the ability to
process user-provided data from any number of sources. Written in a combination of Java
and Python (Jython), HIPE provides the user with a wide array of tasks encompassing
photometry, spectroscopy, and other standard analysis procedures. For this work, the data
4 http://herschel.esac.esa.int/HIPE

download.shtml
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provided by the PEP and HerMES surveys were already reduced, with standard pipelines
as described in § 3.4. In our analysis, HIPE was utilized primarily for obtaining flux measurements for our ILLBG sample, using the HIPE-provided version of Source Extractor
(SExtractor). SExtractor provides photometric measurements by first measuring and subtracting the background for the whole image, then searching for objects with a certain
threshold of neighboring pixels, measuring the shape and positions of these objects and
cleaning detections, and finally performing photometry on the object. With the HIPE version of SExtractor, the locations of our objects (determined by 24 µm Spitzer priors) were
given, and photometry performed for the specified beam size for each image, respectively.
A summary of these flux measurements can be found in Table 2.
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4
4.1

ANALYSIS

Flux Measurements

The publicly available data provided by the PEP and HerMES surveys for the GOODS-S
field were loaded into the Herschel Interactive Processing Environment (HIPE), described
in detail in § 3.5. Positions of the sources from the Spitzer priors were also loaded into
HIPE as an ASCII table, and set as a HIPE variable for the source product list. This source
list was used as the input for the HIPE version of SExtractor, which produced the measured
flux for each of the objects in each filter band in mJy. Objects with secure detections in at
least three of the six filter bands (70–500 µm) were used in our modified black body fitting routine. Fluxes measured from Spitzer 24 µm data were also obtained and used in the
Multi-wavelength Analysis of Galaxy Physical Properties (MAGPHYS) (da Cunha et al.
2008) fitting procedure (§ 4.3), which provided a comparison to our modified black body
fits. In addition, 870 µm data from LABOCA (Weiß et al. 2009) was used to provide upper
limits for the far-IR SED. The 870 µm flux measurements obtained for our objects were
generally above the noise limit of ∼ 1.2 mJy/beam (Wieprecht et al. 2009), however, we
did not have a secure detection for any object in this filter band. Table 2 lists these fluxes,
used for further analysis.

After measuring the fluxes for each object in the 6 filter bands (70–500 µm), the images
were inspected individually by eye. This was done not only to check for any flux contamination from nearby objects, but also to verify a secure detection for a given object. As the
wavelength increases, the beam area increases, but the resolution of the images decreases
(see Figures 8 and 9). For a few of our objects, the measured fluxes are overestimated due
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to additional flux from nearby sources in the beam area. Deconvolution techniques may be
used to separate these sources; however, these overestimated fluxes were simply not used
in fitting our modified blackbody curves.

Object ID

z

1

9180

1.195

2

9818

1.210

3

10186

1.165

4

10397

1.220

5

11800

1.870

S24
S70
S100
S160
S250
S350
S500
S870
S24
S70
S100
S160
S250
S350
S500
S870
S24
S70
S100
S160
S250
S350
S500
S870
S24
S70
S100
S160
S250
S350
S500
S870
S24
S70
S100
S160
S250
S350
S500
S870

Sν
mJy
0.07†
0.50∗
0.70∗
0.68
6.31
4.32
4.70
1.97†
0.14†
1.31
2.44
1.26
6.06∗
1.72∗
2.53∗
0†
0.14†
0.10∗
0.41
0∗
13.77
23.40
17.81
2.44†
0.06†
0.28
0.89
2.14
5.66∗
1.06∗
0∗
0.28†
0.08†
0.90
2.63
5.67
8.69∗
12.60∗
6.45∗
2.26†

σν
mJy
0.01
0.25
0.19
0.31
1.80
1.70
2.03
0.92
0.01
0.25
0.21
0.34
1.75
1.70
2.04
0.96
0.01
0.27
0.21
0.45
1.80
1.70
2.04
0.96
0.01
0.25
0.19
0.32
1.79
1.80
2.11
0.95
0.01
0.27
0.23
0.36
1.78
1.70
2.08
0.93

Table 2: Flux measurements in six Herschel filter bands (70–500 µm), one Spitzer band (24 µm), and one
LABOCA band (870 µm) for our sample of ILLBGs. Measurements not used in our fitting procedure are
denoted with an asterisk. A dagger denotes the measurement was used in MAGPHYS (§ 4.3), but not included
in the modified blackbody curve.

19

20

MIPS 24

PACS 70

PACS 100

PACS 160 SPIRE 250 SPIRE 350 SPIRE 500

Figure 8: Postage stamp images of our objects with secure detections in at least three of the six filter bands (70–500 µm), with Spitzer 24 µm priors for comparison.
The object is located in the center of each image.

11800

10397

10186

9818

9180

Object ID

21

MIPS 24

PACS 70

PACS 100

PACS 160 SPIRE 250 SPIRE 350 SPIRE 500

Figure 9: Postage stamp images of those objects which were detected in only two of the six filter bands (70–500 µm), with Spitzer 24 µm priors for comparison. The
object is located in the center of each image.

7134

9512

9181

Object ID

4.2

SED Fitting: Planck Curves

As described in § 2.4, the thermal emission due to dust in our galaxy sample can be modeled
as a modified blackbody, or Planck curve. By fitting a modified Planck curve to our far-IR
SEDs where we have secure detections (see Table 2), dust temperatures are determined.
From our original sample of 14 ILLBGs, 5 galaxies had secure detections in at least three
of the six filter bands (70–500 µm). Three galaxies were found to have detections in two of
the six filter bands, but were not fitted with a model. Equation 1 describes the curve fit to
our data, which depends on the given frequency (ν) (Hilton et al. 2012):

Sν = Aνβ B(ν, Tdust )

(1)

where Sν is the observed flux density, A is the amplitude, β is the emissivity index, and
B(ν, Tdust ) is given as:

B(ν, T ) =

1
2hν3
hν
2
c e kB T − 1

(2)

For fitting, we kept the value of β at a fixed value of 1.5, following the procedure outlined in
Hilton et al. (2012). This fitting procedure was performed using the IDL program mpfitfun
(Markwardt 2009), which utilizes a Levenberg-Marquardt least-squares fit when fitting the
user-provided function (Equation 1) to a user-provided data set (our flux measurements).
With our fitting procedure, we allow two independent variables: the amplitude (A) and the
temperature (Tdust ). From the temperature determined by this fit for each object, the mass
of the dust can then be estimated using the equation (Rigopoulou et al. 2010):

Mdust =

S250 D2L
κ250 B(ν, Tdust )

(3)

where S250 is the flux in the 250 µm filter band, DL is the luminosity distance, and κ250 is
the dust mass absorption coefficient. For our fitting, we assume a value of 0.89 m2 kg-1 for
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κ250 as in Hilton et al. (2012), Dunne et al. (2011). The results of our fitting procedure can
be found in Figure 10.

Figure 10: Results from fitting a modified blackbody curve (shown in red) to the far-IR SEDs of our sample
of galaxies. Filled diamonds represent flux measurements included in the fit, open diamonds denote fluxes
that were not included in the fit, usually due to flux contamination from a nearby object (see § 4.1). The
triangle denotes an upper limit given by the 870 µm LABOCA data, which was not used in the fit. In the top
left corner, the redshift of the galaxy and temperature obtained from the fit is given. Typical uncertainties in
Td are ∼ 5 − 10%.
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4.3

SED Fitting: MAGPHYS

In addition to our simple modified blackbody, sophisticated dust model fitting procedures,
such as the Multi-wavelength Analysis of Galaxy Physical Properties (MAGPHYS) package, (da Cunha et al. 2008) can be used to more accurately fit our observed SEDs. MAGPHYS compares the fluxes provided by the user with a library of model SEDs, and finds
the best fit from those models using the method described in da Cunha et al. (2008):

χ2j = ∑

i
Lνi − w j × Lν,
j

!2
(4)

σi

i

i are the luminosities in the ith band of the mock galaxy and the jth model,
where Lνi and Lν,
j

respectively, as described in da Cunha et al. (2008), and w j is the model scaling factor:

wj =

∑
i

i
Lνi Lν,
j

σ2i

!
∑
i

i
Lν,
j

σi

!2 −1


(5)

which minimizes the χ2 value, finding the best model fit for a given SED. From this fit,
physical parameters of the galaxy can be calculated. Unlike a modified blackbody fit,
MAGPHYS takes into account a number of other factors that may influence the SED for a
particular galaxy (see Figure 3). For local ULIRGs, which are comparable to our galaxy
sample, Melbourne et al. (2012) shows that the SEDs for these populations of galaxies most
likely cannot be fit by a single dust temperature. Therefore, in order to more accurately
model the SED for our sample of galaxies, a warm dust component for dust surrounding
regions of star formation, as well as a cold dust component for the diffuse ISM must be
considered. Compared to the simple modified blackbody fits (Figure 10), MAGPHYS allows for a more robust, realistic interpretation of the SED, accounting for contributions
from PAH emission (.15 µm), the mid-IR continuum (.50 µm), as well as the thermal
emission from both small and large dust grains.
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The results of using the MAGPHYS package to fit our data can be found in Figures 11 and
12. For the first set of fits (Figure 11), we fit only those filter bands which were fit with our
modified blackbody. As in Figure 10, the flux measurements for filter bands which were
not fitted are denoted as open diamonds. While this set of fits offers a reasonable comparison to our modified blackbody fits, we can also fit a wider range of flux measurements
(e.g. Spitzer 24 µm and LABOCA 870 µm) due to the multiple-component nature of the
MAGPHYS package. The results from this set of fits can be found in Figure 12. While
the derived parameters do not vary widely from the first set of fits, the dust temperatures
produced by these fits are slightly higher on average, which is to be expected, as the 24 µm
data helps to better constrain warm dust components.
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Figure 11: Fit results from MAGPHYS (da Cunha et al. 2012), for those flux measurements included in our
modified blackbody fit (see Table 2). As in Figure 10, open diamonds denote flux measurements not used in
the fit. The upper right hand corner provides information about each individual object, and the parameters
derived from the fit. TCISM represents the cold dust component from the ISM, and TWBC represents the warm
dust component from the stellar birth cloud. In the lower section of the plot, residuals ((Lλobs - Lλmod )/Lλobs ) are
shown. Typical errors in the temperatures are ∼ 5 − 15%.
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Figure 12: Fit results from MAGPHYS (da Cunha et al. 2012), including the 24 and 870 µm flux measurements. As in Figure 11, open diamonds denote flux measurements not used in the fit. The upper right hand
corner provides information about each individual object, and the parameters derived from the fit. TCISM
represents the cold dust component from the ISM, and TWBC represents the warm dust component from the
stellar birth cloud. In the lower section of the plot, residuals ((Lλobs - Lλmod )/Lλobs ) are shown. Typical errors
are similar to those in Figure 11.

27

5

RESULTS AND DISCUSSION

We studied a subsample of 14 ILLBGs from an original sample of 73 LBGs. For five
objects in this subsample, we were able to obtain secure detections in at least three of the
six PACS/SPIRE filter bands. The far-IR SEDs of these objects were then fitted using
two different methods, a modified blackbody (§ 4.2), and MAGPHYS (§ 4.3). From these
fits, properties of our ILLBG sample were obtained, such as dust masses, temperatures,
and star formation rates. For our modified blackbody fits, we derive temperatures ranging
from ∼ 19 − 70 K. For those objects which have unreasonably low dust temperatures (e.g.
objects 1 and 3), we assume an average dust temperature of ∼ 45 K, following the approach
in Rigopoulou et al. (2010) and Hilton et al. (2012). These dust temperatures are denoted
with an asterisk in Table 3. From these temperatures, dust masses are derived, ranging from
5.2 × 106 to 3.3 × 109 M . For the dust masses derived from our modified blackbody fits
(black squares), errors were obtained from mpfitfun (Markwardt 2009). Errors for the dust
masses derived from our MAGPHYS fits were calculated using the probability distribution
functions (PDFs) given for each parameter, and applying the method outlined in Noll et al.
(2009):
s
σx =

∑bi=1 Pi (xi − hxi)2
∑bi=1 Pi

(6)

where Pi is the PDF for a given parameter, and the weighted expectation value, hxi is given
by:

hxi =

∑bi=1 Pi xi
∑bi=1 Pi
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(7)

A summary of these results can be found below, in Table 3.

1
2
3
4
5

Object ID

TDP (K)

TC (K)

TW (K)

9180
9818
10186
10397
11800

19.7±1.5∗
68.0
18.8±0.9∗
40.7±3.5
54.9±2.0

17.2±1.2
15.9±3.0
17.9±0.8
22.6±2.6
24.6±2.7

57.7±9.1
59.7±1.6
52.1±8.6
45.5±7.0
60.0±3.0

MDP /M
108
0.8±0.4∗
0.1
2.9±0.7∗
0.5±0.3
1.5±3.3

MDM /M
108
6.8±2.1
0.1±0.02
33.0
1.3±6.5
4.7±2.6

Table 3: Galaxy properties obtained from our analysis. TDP denotes the dust temperature obtained through
the modified blackbody fit, while TC and TW denote the cold and warm dust temperature components derived
MAGPHYS (§ 4.3). For those galaxies which had unrealistically low dust temperatures derived from our
modified blackbody fit, we assume a dust temperature of ∼ 45 K, as in Rigopoulou et al. (2006). These
measurements are denoted with an asterisk. MDP denotes the dust mass obtained from the modified blackbody
fit, while MDM is the dust mass and estimated via MAGPHYS.

First, we investigate the luminosity correlation for our sample of galaxies (Figure 13). This
is simply a measure of the IR luminosity compared to the UV luminosity. UV luminosities
were obtained by converting the AB magnitude of our sample of galaxies (see Table 4) into
a flux density measurement using the equation (Fukugita et al. 1995):

Sν = 10(23.9−AB)/2.5

(8)

where the flux density Sν was converted into a flux in W/m2 , which was then converted into
a luminosity using the standard flux-luminosity relation:

F=

L
4πD2L

(9)

where DL is the luminosity distance. For our sample of galaxies, IR luminosities calculated
using the same method as outlined above, using magnitudes from the Spitzer 24 µm data.
In addition, total IR luminosities were also determined by calculating the total integrated
IR flux, using the SED fit by MAGPHYS. This integrated flux was then converted to a
luminosity using the same standard relation given above (Equation 9). As our galaxies are
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Figure 13: Luminosity correlation for our sample of galaxies and comparable samples. The derivations of
the UV and IR luminosities are described below. Squares indicate our sample of 5 ILLBGs, where the black
squares indicate the correlation between the UV luminosity and the IR luminosity derived from the integrated
IR flux, while the red squares denote the correlation between UV luminosity and the IR luminosity derived
from 24 µm magnitudes. Blue diamonds denote average measurements for the z ∼ 3 LBG samples from
Davies et al. (2013).

infrared-luminous (ILLBGs), we see that, for our sample of galaxies, the IR luminosity
is about a factor of 5 times higher than the UV luminosity. To examine the validity of
this correlation, we compare it with z ∼ 3 galaxy populations as provided in Davies et al.
(2013), which offers a similar sample of infrared-luminous galaxies. From Figure 13, we
see that the IR/UV luminosity correlation follows a similar pattern to our z ∼ 2 ILLBG
sample. This correlation indicates that IR flux due to absorption and re-emission by dust
contributes a significant portion of the total flux for galaxies in our sample. In addition to
showing that our galaxies are indeed infrared-luminous, it provides further evidence that
star formation rates may be underestimated if only UV flux is considered.
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Object ID
1
2
3
4
5

9180
9818
10186
10397
11800

LUV /L
1010
1.0±0.1
1.4±0.1
2.4±0.1
1.3±0.1
3.6±0.2

LIR /L
1010
2.6±0.1
3.5±0.2
7.8±0.3
2.7±0.3
240±20.0

L24 /L
1010
2.0±0.01
4.0±0.01
3.5±0.01
1.6±0.01
6.5±0.01

SFRUV
[M /year]
2.5±0.1
3.4±0.1
6.0±0.2
3.3±0.1
9.1±0.2

SFRIR
[M /year]
4.5±1.2
7.0±0.9
14.4±0.9
4.5±0.3
37.7±4.2

Table 4: UV and IR luminosities used in Figure 13, as well as the star formation rates as derived below, and
used in Figure 14.

An important comparison to draw from these results is between the stellar mass, and the
calculated star formation rate. As explained in § 2.3, the amount of star formation in our
sample of galaxies may be underestimated due to absorption by dust, which re-emits the
UV photons from young, bright stars as thermal emission. We see this result clearly in
Figure 13, therefore, in order to properly calculate the rate of star formation within our
galaxies, we have to take into account this absorption process. Figure 14 illustrates the
effect of this underestimation. The SFR estimate derived from the UV luminosity (Figure
14, black squares) is consistently lower than the SFR derived from IR flux measurements
(Figure 14, red squares). Star formation rates are derived using the following relation
(Madau & Dickinson 2014):

SFR = κFUV × Lν (FUV )

(10)

κFUV = 2.5 × 10−10 M yr−1 L−1

(11)

with the FUV conversion factor:

The SFR derived from the IR was calculated by the same process as the UV, instead with
the IR luminosities, and using the IR conversation factor given in Madau & Dickinson
(2014):
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κIR = 1.73 × 10−10 M yr−1 L−1

(12)

Figure 14: Stellar mass vs star formation rate. Here, squares indicate our subsample of 5 ILLBGs, where
black squares denote the SFR calculated using the UV luminosity of the galaxy, and the red squares indicate
the SFR calculated using the IR luminosity. Blue diamonds denote average values for the z ∼ 3 LBG samples
given by Davies et al. (2013).

As in Figure 13, we use average values for z ∼ 3 galaxy populations described in Davies
et al. (2013) as a comparison to our sample. We see that on average, the overall SFR rates
compare well to the z ∼ 3 galaxies, although in both cases, the SFRs for our sample of
galaxies are lower. While this is the opposite of what we would expect for the global star
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formation rate (see Figure 1), we keep in mind that our sample is small, while the values
given by Davies et al. (2013) are averages over a whole population of galaxies. In this
sense, it is reasonable that the SFRs for our small sample are comparable, although not
representative, of the ILLBG population at z ∼ 2.

Another interesting comparison we can examine is the ratio of dust mass to stellar mass in
our galaxy sample (Figure 15). By comparing trends in the dust/stellar mass ratio of our
galaxy sample to other populations of galaxies, we can examine the role of dust in galaxy
evolution. As shown in Figure 15, the ratio of dust mass to stellar mass in our sample
of ILLBGs is higher relative to other galaxy populations, such as the KINGFISH survey
(Kennicutt et al. 2011), the Herschel Virgo Cluster Survey (Davies et al. 2010), and submillimeter galaxies (SMGs) (Michałowski et al. 2010). This is somewhat to be expected,
as the dust plays a crucial factor in the detection of these ILLBGs. If a significant amount
of dust did not exist in these galaxies, a larger portion of their UV flux would escape,
and would not be absorbed and remitted in the IR. In addition, our galaxies may have a
higher dust to stellar mass ratio due to that fact that our ILLBG sample was selected due
to significant far-IR luminosities. In this sense, our galaxy sample is most comparable to
SMGs at z ∼ 3, as they are typically selected for being IR luminous (Michałowski et al.
2010). As stated in § 4.1, a number of our objects were not fitted at certain wavelengths
due to flux contamination by nearby objects. For those wavelengths that were fitted, there
is still the possibility that there exists some additional flux from neighboring objects due to
the widening of the beam size and lower spatial resolution at longer wavelengths.
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Figure 15: Comparison of our galaxy sample with other galaxy populations. Our sample of 5 ILLBGs is
denoted by the square symbols, where the black squares denote the dust mass determined from our simple
modified blackbody fit, and the red squares denote the dust mass determined using the MAGPHYS package.
Blue diamonds represent mass estimates from the HerschelKINGFISH (Key Insights on Nearby Galaxies:
A Far-Infrared Survey with Herschel) survey (Kennicutt et al. 2011), which explored a sample of 61 nearby
galaxies. Orange diamonds denote results from the Herschel Virgo Cluster Survey (Davies et al. 2010), which
provides a representative sample of 78 optically bright Virgo Cluster galaxies. Purple diamonds represents a
sample of sub-mm galaxies (Michałowski et al. 2010) at redshifts 5 ≤ z ≤ 6.5.
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6

SUMMARY AND CONCLUSIONS

In this work, we have studied a subsample of 14 ILLBGs from an original sample of 73
LBGs, finding 5 objects with secure detections in at least three of the six filter bands (70–
500 µm). Three additional objects were found to have detections in two of the six filter
bands, but were not used in further analysis. These objects were color-magnitude selected
as described in Haberzettl et al. (2012) for their high IR luminosities (ILLBGs). By measuring the fluxes of these objects, we were able to fit the far-IR SED of these objects with
a simple modified blackbody curve as described in Hilton et al. (2012). For two of the
five objects, unrealistically low dust temperatures were determined, and an average dust
temperate of ∼ 45 K was assumed, from Rigopoulou et al. (2006). While these simple
modified blackbody fits give good estimations, our dust SEDs were also fit using a more
complex model via the MAGPHYS package (da Cunha et al. 2012). MAGPHYS offers a
more realistic approach to fitting our dust SEDs, as it takes into account both warm and cold
dust components. Two MAGPHYS fits were obtained: one using only those flux measurements that were fit with the modified blackbody curve, and one that utilized a wider range
flux measurements (e.g. 24 and 870 µm). We find that while the results are not drastically
different, taking these additional flux measurements into account does affect the shape of
the fit, and therefore the parameters derived from the fit. These parameters, such as dust
masses and temperatures for each method were then compared to other star-forming galaxy
populations. Our conclusions are as follows:
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• Derived UV and IR luminosities for our objects follow a similar trend to averages
of z ∼ 3 galaxy populations as described in Davies et al. (2013). When we compare
the IR luminosities derived from 24 µm to those derived from the integrated IR flux
(8–1000 µm), we find that the former is lower by a factor of ∼2. This is somewhat
expected, as the integrated flux includes contributions over the whole wavelength
range, which for our objects peaks between 100–1000 µm.
• On average, our SFR estimates are moderate compared to those in Davies et al.
(2013), and are underestimated by a factor of ∼5 when derived from UV luminosities
as compared to the SFR derived from the IR luminosities. Hilton et al. (2012) finds
the SFR derived from IR combined with the SFR derived from the UV is a factor of
2 higher than the SFR derived from UV alone, which is consistent with our findings.
As our LBGs are selected to be infrared-luminous (ILLBGs), dust in these galaxies is expected to obscure a significant amount of UV flux from young, bright stars.
From this result, we see that this effect due to dust must be considered to accurately
determine star formation rates for our sample of galaxies.
• When we compare the ratio of our dust mass to stellar mass for our galaxy sample to other star forming galaxy populations at various redshifts, we find that the
dust mass ratio is higher for our sample of galaxies. This may be due to the selection criteria used, as our subsample specifically contains those galaxies which are
infrared-luminous, and therefore expected to have a larger percentage of dust. From
Figure 15, we see that our galaxy sample is comparable to the SMG sample given by
Michałowski et al. (2010).

Overall, the analysis of the dust properties for our subsample of ILLBGs provides an reasonable comparison to other populations of star-forming galaxies at various redshifts. Although our sample size is small, we find that our objects compare reasonably well to galaxy
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populations at z ∼ 3 (Davies et al. 2013), as well as populations of SMGs at higher redshifts (Michałowski et al. 2010). Higher resolution data (such as observations from ALMA)
could be used to obtain a more complete set of flux measurements, giving better measurements that are currently constrained by low-resolution 870 µm LABOCA data, which may
aid in further constraining the model SEDs for our sample of galaxies, and therefore their
derived parameters. In addition, a larger sample of ILLBGs (e.g. from another “blank”
field, such as GOODS-N), could be used to more accurately characterize ILLBGs at z ∼ 2.
With a better understanding of these parameters which affect the galaxy evolution, such as
dust masses and SFRs, we can more correctly describe the role of dust in star formation,
and therefore evolutionary processes in galaxy populations at this redshift.
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